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INVESTIGATION OF TECHNIQUE 
FOR CONDUCTING LANDING-IMPACT TESTS AT SIMULATED 

PLANETARY GRAVITY 

By Sandy M. Stubbs 
Langley Research Center 

SUMMARY 

In order to determine the suitability of landing systems for a Mars lander space- 
craft, it is necessary to study the landing- gear structural loads, vehicle loads, motions, 
and stability at Mars gravity and at full size. There is need of a practical and economical 
technique for conducting full-scale Earth tests which would augment small-scale model 
tests and analytical investigations. Therefore, dynamic models have been used to develop 
and evaluate a technique for simulating planetary gravity during landing-impact tests. 
Results from landings at simulated Martian gravity show good correlation with results 
obtained during free-body Earth-gravity landings. Impact accelerations, time histories, 
and gear strokes obtained during hard-surface landings with the simulated Martian 
gravity and the Earth- gravity techniques are in good agreement. Model behavior and 
overturn characteristics compare favorably. Results indicate that the simulator tech- 
nique could be used to conduct model and full-scale landing- impact investigations of plane- 
tary landers at reduced gravity. 


INTRODUCTION 

The development of a spacecraft for landings on the Moon, Mars, or other planets 
requires full-scale testing to qualify the landing-gear structure and the primary body 
structure of the vehicle for the most severe loading condition that the spacecraft is 
expected to encounter. In order to maintain dynamic similarity during impact testing 
of the full-scale vehicle, it is necessary that the expected gravitational field be simu- 
lated. The effect of structural elasticity on the landing stability may also be evaluated 
in the simulated gravity environment of the planet. References 1 to 5 discuss several 
methods which can be used to simulate reduced gravitational force for prototype studies 
on Earth. 

The purpose of the present investigation was to develop and evaluate a shock- cord 
suspension system for conducting landing-impact tests under simulated Martian gravity. 



The landing forces and vehicle dynamics of a "Viking" type vehicle were also investigated. 
The Mars -gravity simulation technique, which employs a shock- cord support system, 
would offer a simple and economical method of obtaining landings with relatively high 
force response rates and with essentially free-body conditions. 

Dynamic models (3/8-scale) of an early version of the Viking lander were tested to 
obtain data from a shock- cord simulation technique used to represent a planetary gravity 
that is less than that of the Earth. Results from this simulation technique were validated 
by comparison with those from free-body testing at Earth gravity. This paper presents 
data obtained from free-body tests and those obtained from simulated gravity tests. 

Motion-picture film supplement L-1104 showing landing tests of the Mars-gravity 
and Earth- gravity models has been prepared and is available on loan. A request card 
form and a description of the film are included at the back of this paper. 

SYMBOLS 

The units used for the physical quantities defined in this paper are given both in the 
International System of Units (ref. 6) and in U.S. Customary Units. Appendix A presents 
factors relating these two systems of units. Measurements and calculations were made 
in the U.S. Customary Units. 

A area, m^ (ft^) 

a acceleration, m/sec^ (ft/sec^) 

F force, newtons (Ibf) 

g gravity 

I inertia, kg-m^ (slug-ft^) 

roll moment of inertia, kg-m^ (slug-ft^) 

ly pitch moment of inertia, kg-m^ (slug-ft^) 

iz yaw moment of inertia, kg-m^ (slug-ft2) 

I length, m (ft) 

m mass, kg (slugs) 
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t time, sec 

Vh horizontal velocity, m/sec (ft/sec) 

Vy vertical velocity, m/sec (ft/sec) 

V velocity, m/sec (ft/sec) 

X,Y,Z body axes 

^ gravitational ratio. Earth gravity/Mars gravity 

X geometric model scale 

cr stress, N/m^ (Ib/in^) 

DESCRIPTION OF MODELS 

Two 3/8-scale dynamic models of an early version of the "Viking” Mars lander 
spacecraft were used in the investigation. The model used on the reduced -gravity (Mars) 
simulator is designated as the Mars-gravity model. The model used as a control and 
tested as a free body in the Earth gravity is designated as the Earth- gravity model. 

Scaling Laws 

The scale relationships pertinent to the investigation are shown in table I, and 
parameters for the models and the full-scale vehicle are given in table II. Since it was 
desirable to use the same body structure for both models, the scale factor X was the 
same for both Mars-gravity and Earth- gravity models. (See table I.) Force was varied 
as the cube of the scale factor (x3) for both models so that the same landing- gear shock 
absorber could be used on both models. The accelerations are the same for model and 
prototype in the Mars-gravity simulation test. For the Earth- gravity model, the accelera- 
tions vary as |3, the gravitational ratio; thus, accelerations experienced by the Earth- 
gravity model were 8/3 times those which would occur on Mars or on the Mars-gravity 
simulator. With these three scale relationships fixed, other pertinent scale relationships 
follow from the laws of physics for dynamically scaled models. 

For the purpose of comparing the Mars-gravity tests with the Earth-gravity tests, 
the gravitation ratio |3 is the only factor that determines the variation between the two 
test techniques. By using the chosen scaling relationships presented in table I, the only 
physical differences in the two models are the masses and the inertias. 
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Test Model Body 


The general arrangement of the 3/8-scale models is shown in figure 1. The dimen- 
sional values given are full scale. Photographs of the basic model balanced for Mars- 
gravity and Earth- gravity tests are shown in figure 2. The primary structural frame is 
the same for both models and is made of welded aluminum tubing. The structural frame 
was made very light to allow a large amount of ballast weight for obtaining the correct 
masses, center-of-gravity location, and moments of inertia. Both models were ballasted 
so that all moments of inertia were within 3 percent of the desired value. 

Two outrigger trusses mounted on the sides of the model near legs 2 and 3 (see 
fig. 1) provided attachment points for the shock- cord lift system. The attachment points 
were located on the transverse axis (Y-axis) equal distances from the center of gravity; 
thus, the lift forces had no effect on the stability of the vehicle. 

Landing Gear 

The location and designation of the landing gears and the individual struts are shown 
in figures 1 and 2. The primary struts were designated A, and the secondary struts were 
designated B and C. Each landing gear was an inverted tripod in which the primary 
strut served as the shock-absorbing element and the secondary struts served only as links 
having no shock-absorbing capability. The landing gear was free to move only in one 
plane with respect to the body axes. 

A stiff, non- shock-absorbing footpad was attached to the bottom of the tripod by a 
ball joint which allowed the pad free pitching movements and 360° of rotation. All 
landing-gear components except the ball joints and sockets were made of 6061-T6 alu- 
minum. The ball joints and sockets were made of 17-4 PH steel. 

In changing the ballasting from the Earth- gravity model to the Mars- gravity model, 
care was taken that the unsprung mass of the landing gear was maintained in direct pro- 
portion to the total vehicle mass. The unsprung mass (9 percent of the total vehicle mass) 
consisted of the footpad, the main strut piston and piston rod, and half of the mass of the 
secondary struts. The additional unsprung mass was obtained by adding a torus of lead 
to the inside of each footpad (shown in fig. 2(a)). 

Details of the primary strut assembly are shown in figure 3. The primary strut 
was a simple piston- cylinder arrangement. The cylinder had a centering rod held in 
place at the top of the strut by a thin disk. The centering rod, which positioned and held 
the crushable honeycomb elements, passed freely through a hole in the center of the piston 
head. 
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Four aluminum honeycomb, energy-absorbing cartridges (see fig. 3(b)) were used in 
each printiary strut. These cartridges were crushed in compression (accordion- like col- 
umn failure) by the landing loads imposed upon the telescoping landing- gear strut. The 
cartridges were separated by thin disks to insure proper crushing of each stage. Each 
cartridge was designed to crush at a predetermined force level which remained approxi- 
mately constant during the strut stroke. A typical dsmamic-force time history of the 
staged crush loads is shown in figure 3(a). The oscillograph record shown was from tests 
of an axially loaded strut and includes friction forces as well as honeycomb forces. The 
nominal crush loads for each stage are given in table n. 

APPARATUS AND PROCEDURE 

The acceleration due to gravity on Mars was assumed to be 3.69 m/sec^ 

(12.1 ft/sec2) and that on Earth to be 9.81 m/sec^ (32.2 ft/sec2) for this investigation. 

The investigation was conducted by launching the model as a shock- cord-supported body 
which simulated Mars- gravity conditions and also as a free body with Earth gravity acting. 

Mars-Gravity Simulator 

A sketch of the Mars-gravity simulation apparatus is shown in figure 4(a). Photo- 
graphs of the test setup are shown in figure 5. An elastic suspension system with a shock 
cord was used to produce an upward force countering part of the Earth's gravitational 
force. Two shock cords were attached to the model by outrigger trusses mounted on the 
model in the horizontal plane of the vehicle center of gravity. The shock cords extended 
upward from the model to a cable which was run through a sheave. (See fig. 5(c).) The 
sheave was a low friction ball-bearing t5?pe and freely swiveled on a ball-bearing swivel. 
This suspension system allowed the vehicle to pitch, roll, and yaw simultaneously, the 
friction in the sheave being the only restriction. The sheave was attached to a line which 
extended upward to the trolley and was held by a cam cleat. The shock cords were 
attached to the model through force transducers shown in figure 5(b). The force trans- 
ducers were used to monitor the shock-cord forces before and during the landing. 

The model support line shown in figure 5(b) was used to lift and hold the model at 
the drop height required to produce the needed vertical velocity at impact. The model 
support line was attached to the model with an electromagnet. (See fig. 5(b).) Several 
attachment points were used so that the force of the model support line would always pass 
through the vehicle center of gravity for the various pitch attitudes. The line was extended 
upward to the trolley and held by another cam cleat. 
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The trolley was mounted on an overhead track to allow horizontal motion of the 
entire reduced- gravity system. The track was approximately 17 meters (55 feet) above 
the landing surface. Care was taken to construct the trolley light in weight and with low 
friction so it would follow vertically above the model. 

The procedure used to obtain the correct simulation of the Mars-gravity force was 
as follows: The model was placed on the landing surface and the shock cord was stretched 
in tension by raising the swiveling sheave until the proper force (5/8 of the model weight) 
was registered by the force transducers. This procedure in effect gives a gravitation 
force of three- eighths of the model weight. The model was then attached to the model sup- 
port line and raised to the drop height required to produce the necessary vertical velocity. 
In the raised or predrop position, the force in the shock cord was slightly less than the 
force required for Mars-gravity simulation. When the model was released, by turning off 
the power to the electromagnet, the force produced by the shock cord increased as the 
model fell and at impact was correct for Mars-gravity simulation. ^ It was necessary to 
make several preliminary runs to determine the drop height necessary to obtain the 
desired impact velbcity. 

The desired horizontal velocity was obtained by use of a falling mass to accelerate 
the model and trolley. A small tow cable was attached to the model so that its force acted 
in the plane of the vehicle center of gravity. The cable ran from the model, over a sheave, 
and down to the falling mass. (See fig. 4(a).) Another tow cable ran from the trolley, over 
a sheave, and down to the same falling mass. With the model held at the correct drop 
height needed for the desired vertical velocity and all acceleration cables taut, the model 
was pulled back to the prelaunch position shown by the dashed lines in figure 4(a). The 
prelaunch position was set so that the drop height of the falling mass was sufficient to pro- 
duce the desired horizontal velocity of model and trolley. The model was held in the pre- 
launch position by a small cable attached to a release mechanism. When the release 
mechanism was triggered, the model and trolley were accelerated by the falling mass and 
moved forward. When the mass hit the ground, a microswitch was triggered to turn off 
the power to the electromagnet and allow the model to drop and attain the desired vertical 
velocity. The model acceleration cable was spring loaded at the model so that it would 
disconnect when the cable ceased to be taut. The trolley acceleration cable did not 


^The shock cord was found to have some undesirable characteristics. If the shock 
cord was stretched a given distance and held, the force in the shock cord decreased with 
time. Also, when the load was taken off, the shock cord did not immediately return to its 
original unstretched length. Temperature was also found to have an effect on the force in 
a stretched shock cord. A discussion of the elastic characteristic of rubber can be found 
in reference 7. In spite of these variations, consistent shock cord forces could be obtained 
if the shock cord was allowed to remain slack (no load) until a time immediately before 
the beginning of the test. 
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disconnect but did become slack when the falling mass hit the ground. The trolley accel- 
eration cable was of low mass and had a negligible effect on the motions of the trolley. 

Earth- Gravity Apparatus 

A sketch of the Earth- gravity apparatus is shown in figure 4(b) and a photograph of 
the test setup is shown in figure 6. A pendulum was released from a predetermined height 
to produce the desired horizontal velocity. The model was released at the lowest point of 
the swing, and the predetermined free fall height gave the desired vertical velocity. The 
Earth- gravity tests were conducted in the Langley impacting structures facUity. 

Landing Surface and Friction Coefficient 

The landing surface used for both the Mars- gravity and Earth- gravity tests was a 
relatively stiff wooden- frame- supported platform. Top surfaces of smooth plsrwood 
(figs. 5(a) and 5(b)) and sheet steel (fig. 6) were used in conjunction with various footpad 
coverings to give the desired friction coefficients. One end of the surface was raised to 
obtain various slope conditions. Only 0° and negative slopes were used in this investiga- 
tion. Negative slopes are defined as the vehicle motion landing in the downhill direction. 

The friction coefficients were determined by pulling a footpad along the landing sur- 
face. The footpad was loaded to approximately the mass of the Earth-gravity model. A 
weight pan was connected to the footpad by a light cord which passed over a low friction 
sheave. Sufficient mass was added to the weight pan to slide the footpad horizontally at a 
slow constant velocity once the static friction was overcome. The sliding velocity varied 
with friction coefficient and was estimated to be in the order of 0.6 m/sec (2 ft/sec) for 
the 0.1 coefficient and 0.03 m/sec (1 in. /sec) for the 0.8 coefficient. 

A coefficient of friction of approximately 0.1 was obtained by using a bare aluminum 
footpad on a smooth sheet of steel covered with light oil. A footpad covered with chamois 
skin on a smooth plywood surface was found to have a friction coefficient of about 0.5. A 
coefficient of approximately 0.8 was obtained by using a footpad covered with a thin rubber 
sheet on a smooth plywood surface. 

Instrumentation and Data Reduction 

Normal and longitudinal accelerations at the vehicle center of gravity were mea- 
sured by using rigidly mounted piezoresistive strain-gage accelerometers. Primary strut 
stroke was measured on each landing gear by using three linear potentiometers. Strain 
gages were attached to all three struts of each landing gear and were calibrated to mea- 
sure force. The signals from the accelerometers, potentiometers, and strain gages were 
transmitted through trailing cables to the recording equipment. The limiting flat fre- 
quency response of the accelerometers and potentiometers with the associated recording 
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equipment was 1000 Hz. The limiting response for the force measurements was 5000 Hz. 
The acceleration, stroke, and force data were recorded on frequency- modulated magnetic- 
tape recorders. 

The acceleration and stroke data were passed through a 300 Hz low-pass filter to 
eliminate undesirable high frequency structural oscillations picked up by the accelerom- 
eters. The force data channels contained 880 Hz low-pass filters. After being filtered, 
all the data were digitized by using a sample rate of 2000 samples per second. The digi- 
tal tapes were processed to obtain printouts and plots of the data. 

Motion pictures (taken at 64 and 200 frames per second) were used to determine 
model landing attitudes and motions. A video camera and tape recorder were used to 
obtain an immediate review of the test conditions and landing behavior. 

This instrumentation was common to both Mars-gravLty and Earth-gravity tests. In 
addition, the Mars- gravity model had vertical- velocity and shock- cord force transducers 
and an additional normal accelerometer mounted just below the vehicle center of gravity. 
This accelerometer had a flat frequency response of 180 Hz. After proper signal condi- 
tioning, the data from these measurements were recorded directly on an oscillograph. 

The velocity transducer shown in figure 5(b) consisted of a small threaded drum attached 
to the shaft of a direct current generator. A low- stretch fine cord was wound on the drum 
and attached to the overhead trolley. As the vehicle fell, the cord turned the drum and 
generator, and generated dc voltage which was recorded directly on the oscillograph. The 
force transducers (one for each shock cord, see fig, 5(b)) were thin strain-gage tension 
links calibrated to measure force. The velocity and force transducers had flat frequency 
responses of 60 Hz. 


Test Parameters 

Sketches identifying vehicle axes, acceleration directions, attitudes, and flight path 
are shown in figure 7. Accelerations in the direction of the negative axes shown in fig- 
ure 7 are considered as negative accelerations. Both vertical and horizontal velocities 
are treated as positive even though the horizontal velocity component is sometimes in the 
direction of the -Z-axis. All stroke measurements are treated as positive. The prin- 
cipal forces in the primary shock-absorbing struts are compression forces and are con- 
sidered to be positive. In the secondary struts, however, tension forces are considered 
as positive and compression forces, as negative. 

The procedure used for setting up the vehicle attitude for a test was as follows: 
With the model X-axis alined with the gravity vector and leg 1 pointing in the direction of 
the horizontal velocity, the model was rolled about the X-axis to the desired roll attitude. 
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The model was then pitched about the Y-axis with leg 1 down being negative pitch and leg 1 
up being positive pitch. Finally, the yaw angle was set with leg 2 down being right yaw and 
leg 2 up being left yaw. 

Landings were made at touchdown pitch attitudes ranging from -14° to 18.5°. Nomi- 
nal pitch conditions were -15°, 0°, and 15°. Roll attitudes were either 0° or 180°. All 
tests made with horizontal velocity were made at 180° roll (leg 1 trailing). Measurements 
show a scatter of yaw attitudes from 4° left yaw to 3° right yaw. Nominal vertical impact 
velocity was 7 m/sec (23 ft/sec) and nominal horizontal velocity was 0 or 2 m/sec 
(0 or 6 ft/sec). Landings were made on slopes of 0°, -20°, -25°, -30°, and. -40°. Three 
different nominal friction coefficients were used in the investigation: 0.1, 0.5, and 0.8. 

It was intended that both Mars-gravity and Earth-gravity models be tested at identical 
landing conditions so that direct comparisons of results could be made. It was difficult to 
obtain identical runs for the two models, but most runs had only small differences in test 
conditions. 


RESULTS AND DISCUSSION 

The data obtained in the investigation are presented in tables in and IV. All values 
presented in this section are full scale unless otherwise indicated. 

Mars-Gravity Simulation 

In order to simulate a reduced gravity with the technique described in this paper, a 
constant upward or lift force must be applied to the vehicle to oppose part of the force of 
Earth's gravity. Figure 8 is a tracing of a typical oscillograph record showing the shock- 
cord forces compared with the force levels needed for Mars-gravity simulation. The sum 
of the forces of both shock cords when compared with the total lift force needed for Mars- 
gravity simulation was approximately 1 percent high at initial contact (time A). As the 
model continued downward, this difference increased to 6 percent high at time B. At 
time C, the vertical velocity of the model was stopped. The inertia of the shock cord, 
however, caused part of the cord to continue downward, and thus, relieved the load some- 
what and gave a lift force that was 5 percent lower than the force needed for correct simu- 
lation. There was a surge in the shock cord due to its inertia that resulted in force oscil- 
lations until the run was completed. 

An accelerometer trace shown in figure 8 was recorded as a reference for deter- 
mining the time of initial contact. The vertical-velocity trace in figure 8 had a sine-wave 
oscillation due to elasticity of the fine cord that was used to turn the generator. It was 
necessary to fair the oscillations (fairing shown by the dashed line) in order to determine 
the velocity at impa.ct. 
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The apparatus used in this investigation for simulating Mars gravity gave almost 
complete freedom of model angular motion in pitch, roll, and yaw. The overhead track 
allowed the vehicle to move freely fore and aft. The vehicle moved vertically with small 
changes in the gravity force. Small lateral motions were slightly restrained by the lateral 
component of force from the shock cord when the vehicle moved away from the center line 
of the overhead track. Thus, the simulator had five degrees of freedom with some slight 
limitations in the sixth degree. 

Comparisons of Landing-Impact Loads 

Acceleration and for ce timejiistories.- Comparisons of acceleration and force time 
histories for the Mars-gravity and Earth- gravity tests are shown in figure 9. The charac- 
teristics of the acceleration and force data for the two tests are very similar. There is a 
variation in the time, however, between Mars-gravity and Earth-gravity tests when legs 2 
and 3 contact the landing surface and begin to load up. There is also a slight variation in 
the maximum acceleration between the Mars-gravity and Earth- gravity tests. These vari- 
ations are attributed to the fact that the pitch attitude for the Mars-gravity test was actu- 
ally 1° rather than the nominal 0° attitude given for the test conditions in figure 9. The 
premature contact of legs 2 and 3 of the Mars-gravity model is reflected in the normal- 
acceleration trace by the load falling off to zero at an earlier time than the Earth- gravity 
model. 

The negative dips in the oscillograph traces of struts lA, 2A, and 3A were erroneous 
signals and should be ignored. The negative dips were caused by bushings passing over 
the strain gages as the struts telescoped during crushing. The forces registered by the 
secondary struts give almost identical traces between Mars-gravity and Earth-gravity 
data although they are slightly out of phase. Overall, the time histories show good agree- 
ment between the Mars-gravity simulator tests and the Earth-gravity tests. 

Maximum center- of- gravity accelerations. - Comparisons of maximum normal and 
longitudinal accelerations at the vehicle center of gravity plotted against touchdown pitch 
attitude for friction coefficients of approximately 0.05 to 0.15, 0.45 to 0.55, and 0.75 to 0.85 
are shown in figure 10. The comparison indicates good agreement was obtained for the 
models using the two simulation techniques. The maximum normal acceleration was 
about 16g. Normal accelerations were more or less independent of the effects of friction 
coefficient except for the -13° attitude. When friction was increased for landings at a -13° 
attitude, the normal accelerations decreased from approximately -13g to about -8.5g. 
Maximum longitudinal accelerations had both positive and negative values as are shown 
in figure 10. As the friction coefficient was increased, the longitudinal acceleration 
increased and the highest positive and negative values plotted were lOg and -14g, 
respectively. 
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It should be noted that all the test data are given in tables III and IV, whereas only a 
limited number of runs are plotted in figure 10. The highest values of normal accelera- 
tion given in the tables are -20g and -22g for the Mars- gravity and Earth- gravity tests, 
respectively. The highest longitudinal accelerations are lOg and -14g for the Mars- 
gravity tests and lOg and -12g for the Earth-gravity tests when four-stage honeycomb ele- 
ments were used in the shock-absorber legs. The entries given in the tables are values 
read from faired data. The fairing was done to eliminate the effects of structural vibra- 
tions that appear in the acceleration data and small amounts of electronic noise that occur 
occasionally on the force and stroke data. 

Data showing correlation of maximum normal accelerations for Mars- gravity and 
Earth- gravity landings are presented in figure 11. All the normal acceleration data 
obtained while using the four- stage honeycomb elements are shown plotted against a line 
indicating exact correlation. The data indicate that good agreement was obtained between 
the Mars-gravity and Earth-gravity test methods. Some of the discrepancy occurs 
because the landing conditions for the Mars-gravity model were not all identical to those 
for the Earth- gravity model. 

Maximu m l andi ng- gear forces .- Maximum forces measured in each strut of all three 
landing gears are presented in tables in and IV. Forces in the primary struts (lA, 2A, 
and 3 A) are controlled and limited by the honeycomb elements of the shock absorbers. 
Forces in the secondary struts (B and C elements of each gear) indicate a trend toward 
higher values as landing surface friction is increased. The maximum force in the sec- 
ondary struts for tests made with the four-stage honeycomb was about 50 kN (11 300 Ibf). 

Comparison of Landing Behavior 

L anding- gear stroke .- The stroke time histories shown in figure 9(b) indicate good 
agreement between Mars-gravity and Earth-gravity data. The difference in impact time 
for legs 2 and 3 of the two models was due to slight differences in impact pitch attitude 
(as explained earlier). Figure 12 presents maximum stroke data for the three stroking 
struts under the same impact condition as the acceleration data presented in figure 10. 

The maximum stroke obtained was approximately 25 cm (10 inches). Agreement between 
the two test techniques was very good even though the strokes are sensitive to variations 
in shock-absorber element forces as well as slight differences in landing conditions. 

Pit ching motion and stability .- All runs made with the design force stroke character- 
istics represented by the four-stage honeycomb elements in shock-absorbing legs were 
quite stable with little tendency to pitch over even at high (0.8) friction coefficients tested 
on downhill slopes up to -30° and -40°. (See tables in and IV.) It was desirable to obtain 
a stability run in which the model would pitch up to turnover or near turnover attitude to 
see how well the Mars-gravity test technique agrees with the Earth-gravity tests. It was 
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found that the models would turn over if only the high force 36 kN (8000 Ibf) honeycomb 
elements were used as shock absorbers in a landing on a -25° slope with a friction coef- 
ficient of 0.8. Landings made at a pitch attitude of -13° resulted in a rapid and decisive 
turnover, whereas landings made at 0° pitch were marginally stable, turnover occurring 
slowly and near the end of the slide-out. A comparison of pitch-time histories for both 
Mars-gravity and Earth-gravity models are shown in figure 13. The small sketches on 
the figure illustrate the position of the models with respect to the landing surface. The 
models were at 0° pitch attitude at initial contact. Legs 2 and 3 rotate downward and 
strike the surface at about 0.16 sec full-scale time. The footpad on leg 1 is free of the 
surface at the time legs 2 and 3 hit and the jolt of the second impact causes footpad 1 to 
rotate upward. While footpad 1 rotates upward, the models pitch back downward (illus- 
trated by the dip in the pitch-time history curve) and hit on the edge of footpad 1 at a time 
of approximately 0.2 sec. The models then rebound off of leg 1 and pitch up slowly to a 
turnover position at a time of 0.8 to 1.0 sec. Both Mars-gravity and Earth-gravity models 
had a similar behavior throughout this unstable landing condition. 

CONCLUDING REMARKS 

A dynamic-model investigation has been conducted in order to develop and evaluate 
a technique for conducting landing- impact tests under the influence of simulated Martian 
gravity. Results of the tests at simulated Mars gravity show good correlation with results 
obtained during free-body Earth-gravity landing tests. Impact acceleration, time his- 
tories, and gear strokes experienced during hard-surface landings are in good agreement. 
Model impact behavior and overturn stability characteristics compare favorably. Although 
results and emphasis of the subject study are directed toward Mars gravity and "Viking" 
type spacecraft, the technique is applicable for other planetary landings at reduced gravity. 
Results from this investigation indicate that a simple and inexpensive elastic cord lift sys- 
tem with associated launching equipment would be a practical method for conducting a full- 
scale landing investigation of a Mars lander spacecraft. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., July 9, 1971. 
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APPENDIX A 


CONVERSION OF SI UNITS TO U.S. CUSTOMARY UNITS 
Conversion factors for the units used herein are given in the following table: 


Physical quantity 

SI Unit 

Conversion 

factor 

(*) 

U.S. Customary 
Unit 

Length 

meters (m) 

39.37008 

in. 

Area 

meters^ (m^) 

1550.0 

in2 

Mass 

kilograms (kg) 

0.06852 

slug 

Moment of Inertia .... 

kilogram-meters^ (kg-m^) 

0.73756 

slug-ft2 

Velocity 

meters/second (m/sec) 

3.28084 

ft/sec 

Linear acceleration . . . 

meters/second^ (m/sec^) 

3.28084 

ft/sec 2 

Force 

newtons (N) 

0.22481 

Ibf 


♦Multiply value given In SI Unit by conversion factor to obtain equivalent value in U.S. Customary Unit. 


Prefixes to indicate multiples of units are as follows: 



Prefix 

Multiple 


milli (m) 

10"3 


centi (c) 

10"2 


kilo (k) 

1Q3 
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TABLE I.- SCALE RELATIONSHIPS FOR TESTING MODELS ON EARTH 
AT SIMULATED MARS GRAVITY CONDITIONS 

Geometric model scale, A. = 1/2.66; gravitational ratio (Earth gravity /Mars gravity), 
j3 = 2.66. Note: For comparing the Mars- gravity tests with the Earth- gravity tests, 
X = 1 . 


Quantity 

Mars 

prototype 

Earth- gravity model 
scale factor 

Mars-gravity model 
scale factor 
03 = 1) 

♦Length 

1 

X 

X 

♦Force 

F 

x3 

X3 

♦Acceleration . . . 

a 


1 

Mass 

m 

x3/|3 

X3 

Area 

A 

x2 

X2 

Velocity 

V 

i/a 

iy 

Time 

t 

/x7i 

/X 

Inertia 

I 

xV/3 

X5 

Stress 

a 

X 

X 


♦Scale factors determining remaining scale relationships. 


TABLE II.- PERTINENT MEASURED PARAMETERS OF 1/2.66-SCALE MODEL 


Parameter 

Earth-gravity model 

Mars-gravity model 

Full-scale vehicle 
(Mars prototype) 

Mass, kilograms (slugs) 

10 (0.7) 

27.1 (1.86) 

510 (35.0) 

Moment of inertia, kg-m2 (slug-ft2): 

Ix roll 

ly pitch 

iz yaw 

0.822 (0.606) 
0.544 (0.401) 
0.507 (0.374) 

2.186 (1.612) 
1.493 (1.1011 
1.33 (0.984) 

290 (214) 
197 (145) 
178 (131) 

Body: 

Center- of- gravity height, m (in.) . . 
Landing- gear radius, m (in.) .... 

0.243 (9.57) 
0.5537 (21.80) 

0.243 (9.57) 
0.5537 (21.80) 

0.6467 (25.46) 
1.473 (57.99) 

Honeycomb-cartridge dynamic crush 
force, N (Ibf) ±10%: 

First stage 

Second stage 

Third stage 

Fourth stage 

471 (106) 
707 (159) 
943 (212) 
1890 (425) 

471 (106) 
707 (159) 
943 (212) 
1890 (425) 

9000 (2000) 
13 000 (3000) 

18 000 (4000) 

36 000 (8000) 
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TABLE III.- MAXIMUM ACCELERATIONS, STROKES, AND FORCES FOR LANDINGS WITH MARS GRAVITY SIMULATION 
[AU values are full-scale (Mars prototype); R, right yaw (leg 2 down); L, left yaw (leg 3 down)] 


(a) SI Units 


1 1 ! 


1 1 Maximum acceleration at 

Primary strut stroke. 

Maximum strut forces, kN, for 



' Marsi Vertical ' Horizontal 

I 



1 Surface Friction center of gravity, 

1 slope, ! coefficient, ^ 6 “mis 

meters, for - 

Gear 1 

1 Gear 2 

Gear 3 

Stability 

run velocity, velocity, 
m/sec m/sec 

Pitch, 

deg 

_ .. 1 

Yaw, 

deg 



deg 

deg - ' 1 

Normal [Longitudinal 

■ Strut lA 1 Strut 2A | Strut 3A 

strut lA|strut IB | Strut 1C 

1 Strut 2A I Strut 2B | Strut 2C 

strut 3A 1 Strut 3B | Strut 3C 



9, 13, 18, and 36 kN honeycomb elements used in shock-absorber legs 


1 

7.16 1 

0 

1 


IL 

0 1 

0.1 

-17 

3, -3 

0.22 

0.21 

0.18 

32 

-7, 9 

-22, 13 

36 

-18, 13 

13, -1 

33 

-7, 13 

-16, 13 

2 

6,80 1 

0 

1 

0 

0 

0 ' 

.5 

-20 

-5, 2 

.16 

.21 

.18 

47 

11, -5 


33 

-11, 13 

9, -7 

36 

-11, 2 

-4, 11 

3 

7.47 

0 

1 

0 

IR 

0 

.8 

-17 

5, -5 

.21 

.17 

.19 

33 

-22, 2 

20, -2 

38 

-4, 5 

-11, 4 

33 

17, -7 

-16, 2 

4 

6.86 

2 

-12 

180 

IR 

-20 

.1 

-13 

-4. 3 

.16 

.16 

.18 

37 

-22, 16 

-14. 16 

33 

20, -22 

-18, 22 

33 

-4, 12 

11, -27 

5 

7.25 

2 

3.5 

180 

0 

-20 

.1 

-13 

-4, 2 

.12 

.17 

.21 

18 

-16, 7 

-9, 9 

33 

24, -24 

-20, 18 

30 

-9, 13 

14, -16 

6 

7.47 

2 

15 

180 

0 

-20 

.1 

-14 

-5, 4 

.15 

.19 

.20 

18 

-18, 13 

-10, 9 

32 

22, -30 

-13, 22 

32 

-10, 13 

18, -18 

7 

7.13 

2 

-13 

180 

3R 

-20 

.5 

-11 

-10, 5 

.15 

.15 

.19 

16 

-31, 11 

-17, 9 

16 

27, -9 

-44, 18 

34 

-3, 33 

-27, 7 

8 

7.04 

2 

1 

180 

2.5L 

-20 

.5 

-12 

-3, 6 

.12 

.21 

.16 

18 

-7, 7 

-16, 4 

31 

18, -27 

-8, 22 

31 

-24, 22 

27, -18 

9 

7.28 

2 

18.5 

180 

IL 

-20 

.5 

-16 

-3, 5 

.15 

.20 

.18 

31 

-11, 10 

1 -9, 16 

33 

11, -18 

-7, 16 

31 

-16, 24 

13, -24 

10 

6.71 

2 

-13 

180 

IR 

-20 

.8 

-8 

-14, 8 

.09 

.15 

.16 

16 

-42, 4 

-38, 4 

18 

-42, 4 

22, -4 

27 

-13, 24 

16, -40 

11 

7.50 

2 

3.5 

180 

0 

-20 

.8 

-13 

-4, 10 

.12 

.19 

.19 

18 

-16, 18 

-13, 7 

33 

27, -29 

-27, 42 

33 

-13, 40 

24, -22 

12 

7.68 

2 

17 

180 

IR 

-20 

.8 

-13 

-3, 9 

.14 

.18 

.25 

14 

-13, 13 

-9, 11 

33 

16, -24 

-11, 33 

41 

-11, 38 

13, -27 

13 

6.77 

2 

-10 

180 

IL 

-30 

.8 

-6 

-10, 6 

.08 

.14 

.12 

20 

7, -24 

-36, 2 

17 

-29, 0 

31, -13 

14 

-2, 21 

7, -38 

14 

7.04 

2 

3 

180 

2L 

-30 

.8 

-10 

-4, 9 

.09 

■ .19 

.16 

18 

-11, 11 

• -16, 7 

33 

9, -36 

-2, 42 

34 


16, -29 

15 

7.01 

2 

2.5 

180 

2L 

-40 

.8 

-7 

-5, 8 

.09 

1 


i 

-13, 4 

1 -13, 7 

33 

' 10, -44 

-4, 31 

20 

;13, 29 

16, -39 


Only 36 kN honeycomb element used in shock-absorber legs 


16 1 

6.92 1 

2 

i -13 

1 139 

0.5R 1 

-25 

0.8 

1 -18 I 

i -15, 16 

0.03 

0.05 

0.05 

41 

-42, 0 

1 -33, 0 

40 1 

-53, 0 

1 27, 0 1 

39 

1 38, 

, 0 

1 -53, 7 1 

Turnover 

17 1 

7.16 1 

2 

0 

180 

2L ! 

-25 

.8 

-12 

1 -6, 10 

.03 

.07 

.04 

36 

-11, 11 

-11, 13 

40 ' 

22, -44 

1 31, 0 1 

39 

-n, 

, 38 

1 31, -38 

Turnover 

18 ; 

7.56 

2 

17 

180 

0 

-25 

.8 

1 -17 

1 -6. 11 

; .03 

L_07_ 

1 .04 

1 38 

-13. 22 

' -7, 17 

40 

40, -31 

-6, 31 , 

41 

. -4, 

29 

36, -31 




TABLE III.- MAXIMUM ACCELERATIONS, STROKES, AND FORCES FOR LANDINGS WITH MARS GRAVITY SIMULATION - Concluded 


(b) U.S. Customary Units 


Mars 

run 

Vertical 

velocity, 

ft/sec 

Horizontal 

Landing attitu 

le in - 

Surface 

slope, 

deg 

Friction 

coefficient, 

Maximum acceleration at 
center of gravity. 
Earth g units 

Prima 

ry strut stroke, 
in., for - 


Maximum strut forces, thousand pounds, for - 






Gear 1 




Gear 3 



velocity, 

ft/sec 

Pitch, 

deg 

Roll, 

deg 

Yaw, 

deg 


Gear 2 



Stability 

1 Normal | Longitudinal 

Strut lA 

Strut 2A Strut 3A 

Strut lA 

Strut IB 1 Strut 1C 

Strut 2A 

strut 2B 1 Strut 2C 

Strut 3A 

Strut 3B 

Strut 3C 


2000, 3000, 4000. and 8000 Ibf honeycomb elements used in shock-absorber legs 

1 

23.5 

0 

1 

0 

IL 

0 

0.1 

-17 

3, -3 

8.7 

8.1 

7.1 

7.2 

-7.5, 2.0 -5.0, 3.0 

8.0 

-4.0, 5.0 3.0, -1.5 

7.5 

-1.5, 3.0 

-3.5 

3.0 

2 

22.3 

0 

1 

0 

0 

0 

.5 

-20 

-5, 2 

6.5 

8.2 

7.0 

10.5 

2.5, -1.2 

7.5 

-2.5, 3.0 2.0, -1.5 

8.0 

-2.5, 0.5 

-1.0 

2.5 

3 

24.5 

0 

1 

0 

IR 

0 

.8 

-17 

5, -5 

8.3 

6.6 

7.4 

7.5 

-5.0, 0.5 4.5, -0.5 

8.5 

-1.0, 1.2 -2.5, 1.0 

7.5 

3.8, -1.5 

-3.5 

0.5 

4 

22.5 

6 

-12 

180 

IR 

-20 

.1 

-13 

-4, 3 

6.4 

6.3 

7.0 

8.3 

-5.0, 3.5 -3.2, 3.5 

7.5 

4.5, -5.0 -4.0, 5.0 

7.5 

-1.0, 2.8 

2.5, 

-6.0 

5 

23.8 

6 

3.5 

180 

0 

-20 

.1 

-13 

-4, 2 

4.9 

6.8 

8.4 

4.0 

-3.5, 1.5 -2.0, 2.0 

7.5 

5.5, -5.5 -4.5, 4.0 

6.7 

-2.0, 3.0 

3.2, 

-3.5 

6 

24.5 

6 

15 

180 

0 

-20 

.1 

-14 

-5, 4 

5.8 

7.3 

7.9 

4.0 

-4.0, 3.0 -2.3, 2.0 

7.3 

5.0, -6.7 -3.0, 5.0 

7.3 

-2.2, 3.0 

4.0, 

-4.0 

7 

23.4 

6 

-13 

180 

3R 

-20 

.5 

-11 

-10, 5 

5.8 

5.8 

7.3 

3.7 

-7.0, 2.5 -4.0, 2.0 

3.7 

6.0, -2.0 -10.0, 4.0 

7.7 

-0.7, 7.5 

-6.0, 1.5 

8 

23.1 

6 

1 

180 

2.5L 

-20 

.5 

-12 

-3, 6 

4.6 

8.4 

6.3 

4.0 

-1.5, 1.5 -3.5, 1.0 

7.0 

4.0, -6.0 -1.7, 5.0 

7.0 

-5.5, 5.0 

6.0, 

-4.0 

9 

23.9 

6 

18.5 

180 

IL 

-20 

.5 

-16 

-3, 5 

6.1 

7.8 

7.0 

7.0 

-2.5, 2.2 -2.0, 3.5 

7.5 

2.5, -4.0 -1.5, 3.5 

7.0 

-3.5, 5.5 

3.0, 

-5.5 

10 

22.0 

6 

-13 

180 

IR 

-20 

.8 

-8 

-14, 8 

3.4 

5.8 

6.4 

3.7 

-9.5, 1.0 -8.5, 1.0 

4.0 

-9.2, 1.0 5.0, -1.0 

6.0 

-3.0, 5.5 

3.5, 

-9.0 

a 

24.6 

6 

3.5 

180 

0 

-20 

.8 

-13 

-4, 10 

4.8 

7.3 

7.4 

4.0 

-3.5, 4.0 -3.0, 1.5 

7.5 

6.0, -6.5 -6.0, 9.5 

7.5 

-3.0, 9.0 

5.5, 

-5.0 

12 

25.2 

6 

17 

180 

IR 

-20 

.8 

-13 

-3, 9 

5.6 

7.0 

9.7 

3.2 

-3.0, 3.0 -2.0, 2.5 

7.5 

3.5, -5.5 -2.5, 7.5 

9.3 

-2.5, 8.5 

3.0, 

-6.0 

13 

22.2 

6 

-10 

180 

IL 

-30 

.8 

-6 

-10, 6 

3.0 

5.6 

4.9 

4.4 

1.5, -5.5 -8.0, 0.5 

3.9 

-6.5, 0 7.0, -3.0 

3.2 

-0.5, 4.7 

1.5, 

-8.5 

14 

23.1 

6 


180 

2L 

-30 

.8 

-10 

-4, 9 

3.6 

7.5 

6.4 

4.0 

-2.5, 2.5 -3.5, 1.5 

7.5 

2.0, -8.0 ,-0.5, 9.5 

7.7 


3.5, 

-6.5 


15 

23.0 

6 

2.5 

180 

2L 

-40 

.8 

1 

1 

3.4 

6.5 1 

5.4 


-3.0, 1.0 j-3.0, 1.5 

7.5 

a.3, -10.0|-1.0, 7.0 

4.5 

-3.0, 6.5 

3.5, 

-8.5 











Only 8000 Ibf honeycomb element used 

in shock-absorber legs 







16 

22.7 

6 

-13 

180 

0.5R 

-25 

0.8 

-18 

-15, 16 

1.2 

2.0 

2.1 

9.3 

-9.5,0 -7.5,0 

9.0 1 

-12.0,0 6.0,0 

8.7 

8.5, 0 

-12.0 

, 1.5 

Turnover 

17 

23.5 

6 

0 

180 

2L 

-25 

.8 

-12 

-6, 10 

1.2 

2.9 

1.5 

8.2 

-2.5, 2.5 -2.5, 3.0 

9.0 [ 

j.O, -lO.Oj 7.0,0 

8.7 

-2.5, 8.5 

7.0, 

-8.5 

Turnover 

18 

24.8 

6 

17 

180 

0 

-25 

.8 

-17 

i -6, 11_ _ 


2.6 1 

1-^ 

8.5 

-3.0, 5.0 1-1.5, 4.0 

9.0 1 

9.0, -7.0 1 -1.4, 7.0 

9.3 

-1.0, 6.5 

8.0, 

-7.0 1 





TABLE IV.- MAXIMUM ACCELERATIONS, STROKES, AND FORCES FOR LANDINGS WITH EARTH GRAVITY 
|aiI values are full-scale (Mars prototype); R. right yaw (leg 2 down); L, left yaw (leg 3 down^ 


(a) SI Units 




Horizontal 

velocity, 

m/sec 


Surface 

slope, 

deg 

Friction 

coefficient, 

Maximum acceleration at 
center of gravity, 
Earth g units 

Primary strut stroke, 
meters, for - 


Maximum strut forces, kN, 

for - 



Earth 

Vertical 

velocity, 

m/sec 




Gear 1 

Gear 2 

Gear 3 

Stability ' 

‘ run 

Pitch, 

deg 

Roll, 

deg 

Yaw, 

deg 



Normal ( Longitudinal 

Strut lA 1 Strut 2A | Strut 3A 

strut 1 a| Strut 1 b| Strut 1C 

Strut 2A| Strut 2B | Strut 2C 

Strut 3A 

Strut 3 b| Strut 3C 



9, 13, 18, and 36 kN honeycomb elements used In shock-absorber legs 


1 

7.0 

0 

0.5 

180 

0.5R 

0 

0.1 

-22 

-4, 2 

0.19 

0.16 

0.21 1 

38 

-18. 13 

10, 0 

38 

-18, 13 1 

-16, 12 

38 

-9, 13 

-11. 11 1 

2 

7.0 

0 

1 

180 

IR 

0 

.5 

-21 

2, -3 

.21 

.17 

.18 

38 

-10, 6 

8, -3 

33 

-13,6 ' 

-20, 9 

36 


-16, 7 

3 

7.0 

0 

0 

180 

0 

0 

.8 

-20 

-4, 2 

.19 

.18 

.20 

31 

-20, 4 

-16, 9 

36 

-4, 4 

-16, 4 

37 

-9, 4 

-13, 7 

4 

6.92 

2 

-12 

180 

2R 

-20 

.1 

-13 

-9, 3 

.15 

.15 

.17 

18 

-27, 9 

-22, 18 

27 

16, -20 

-9, 12 

37 


9, -25 

S 

7.10 

2 

0 

180 

IL 

-20 

.1 

-16 

-5, 2 

.15 

.18 

.16 

39 

-16, 12 

-13, 13 

33 

-18, 9 

-13, 13 

40 

-9, 13 

16, -27 

6 

7.13 

2 

13 

180 

2R 

-20 

.1 

-16 

-4, 2 

.13 

.15 

.19 

16 

-9, 9 

-9, 7 

39 

16, -18 

-9, 13 

36 


16, -18 

7 

6.92 

2 

-12.5 

180 

IL 

-20 

.5 

-12 

-10, 6 

.13 

.17 

.15 

15 

-29, 7 

-29, 7 

42 

11, -31 

-2, 22 

20 

-7, 16 

16, -22 

8 

7.10 

2 

0 

180 

2.5L 

-20 

.5 

-12 

-5, 5 

.13 

.18 

.15 

18 

-9, 7 

-9, 7 

36 

16, -23 

-7, 27 

22 

-13, 16 

22, -16 

9 

7.22 

2 

13 

180 

0 

-20 

.5 

-15 

-4,6 

.12 

.19 

.17 

16 

-9, 4 

-9, 9 

37 

20, -14 

-13, 27 

36 

-13, 22 

20, -14 

10 

7.01 

2 

-14 

180 

3.5L 

-20 

.8 

-9 

-12, 7 

.12 

.19 

.12 

16 

-27, 7 

-34, 7 

31 

9, -33 

-2, 25 

18 

-22, 20 

20, -20 

11 

7.19 

2 

1.5 

180 

0 

-20 

.8 

-15 

-5, 9 

.12 

.19 

.18 

16 

-18, 9 

-18, 9 

43 

22, -27 

-16, 31 

33 

-10, 27 

18, -16 

12 

7.28 

2 

11 

180 

4L 

-20 

.8 

-15 

-3, 10 

.11 

.21 

.16 

15 

11, -2 

-17. 12 

36 

20, -38 

-7, 21 

33 

-16, 36 

20, -25 

13 

6.59 


-12.5 

180 

2R 

-30 

.8 

-7 

-8, 6 

.08 

.11 

.15 

13 

-22, 4 

-20, 4 

12 

9, -31 

-4, 22 

30 

50, 0 

-40, 4 

14 

6.98 

2 

0 

180 

0 

-30 

.8 

-9 

-3, 7 

.09 

.15 

.15 

13 

-11, 7 

-9, 4 

25 

14, -27 

-7, 22 

29 


13, -29 

15 

7.13 

2 

0 

180 

IR 

-40 

.8 

-8 

-4, 8 

.08 

.12 

.16 

16 

-13, 4 

-11, 4 

16 

, 11, -36 

-7, 25 

31 

-2, 27 

9, -42 

Only 36 kN honeycomb element used in shock-absorber legs 
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7.04 

2 

[ -12.5 

180 

2R 

-25 

0.8 

-11 

-n, 10 

0.02 

0.03 

0.06 

1 42 

-29, 8 

-25, 4 

39 

9, -49 

-8, 38 

36 

1 49, 0 

1 -58, 4 jTurnover 

17 

7.22 


1 

180 

0 

-25 

.8 

-15 

-5, 10 

.03 

.05 

.07 

1 38 

13, -11 

10, -11 

36 

31, -36 

-18, 38 

40 

1 58, -10 

; 31, -36 'Turnover 



TABLE IV.- MAXIMUM ACCELERATICWS, STROKES, AND FORCES FOR LANDINGS WITH EARTH GRAVITY - Concluded 


(b) U.S. Customary Units 





Landing attitude in - 

Surface 

slope, 

deg 


Maximum acceleration at 
center of gravity, 
Earth g units 

Primary strut stroke, 
in., for - 



Maximum strut forces, thousand pounds, for - 



Stability 

Earth 

run 

Vertical 

velocity, 

ft/sec 

Horizontal 

velocity, 

ft/sec 

Friction 

coefficient, 

Gear 1 

Gear 2 

Gear 3 

Pitch, 

deg 

Roll, 

deg 

Yaw, 

deg 

Normal [ Longitudinal 

Strut lA 

Strut 2A 

Strut 3A 

Strut lA 

Strut IB 

Strut 1C 

Strut 2A 

Strut 2B 

Strut 2C 

Strut 3A 

Strut 3B 

Strut 3C 









2000, 

3000, 4000, and 8000 Ibf honeycomb elements used in shock-absorber legs 








1 

23 

0 

0.5 

180 

0.5R 

0 

0.1 

-22 

-4, 2 

7.4 

6.4 

8.3 

8.5 

-4.0, 3.0 

2.2, 0 

8.5 

-4.0, 3.0 

-3.5, 2.8 

8.5 

-2.0, 3.0 

-2.5, 2.5 


2 

23 

0 

1 

180 

IR 

0 

.5 

-21 

2, -3 

8.1 

6.7 

7.0 

8.5 

-2.3, 1.3 

1.8, -0.7 

7.5 

-3.0, 1.4 

-4.5, 2.0 

8.2 


-3.5, 1.5 


3 

23 

0 

0 

180 

0 

0 

.8 

-20 

-4, 2 

7.6 

7.0 

7.7 

7.0 

-4.4, 1.0 

-3.5, 2.0 

8.0 

-1.0, 1.0 

-3.5, 1.0 

8.3 

-2.0, 1.0 

-3.0, 1.5 


4 

22.7 

6 

-12 

180 

2R 

-20 

.1 

-13 

-9, 3 

5.8 

5.8 

6.8 

4.0 

-6.0, 2.0 

-5.0, 4.0 

6.0 

3.5, -4.5 

-2.0, 2.8 

8.4 


2.0, -5.5 


5 

23.3 

6 

0 

180 

IL 

-20 

.1 

-16 

-5, 2 

6.0 

7.0 

6.2 

8.8 

-3.5, 2.8 

-3.0, 3.0 

7.5 

-4.0, 2.0 

-3.0, 3.0 

9.0 

-2.0, 3.0 

3.5, -6.0 


6 

23.4 

6 

13 

180 

2R 

-20 

.1 

-16 

-4, 2 

5.2 

6.1 

7.6 

3.6 

-2.0, 2.0 

-2.0, 1.5 

8.7 

3.5, -4.0 

-2.0, 3.0 

8.0 


3.5, -4.0 


7 

22.7 

6 

-12.5 

180 

IL 

-20 

.5 

-12 

-10, 6 

5.1 

6.5 

5.9 

3.4 

-6.5, 1.5 

-6.5, 1.5 

9.5 

2.5, -7.0 

-0.5, 5.0 

4.5 

-1.5, 3.5 

3.7, -5.0 


8 

23.3 

6 

0 

180 

2.5L 

-20 

.5 

-12 

-5, 5 

5.2 

7.2 

6.1 

4.0 

-2.0, 1.5 

-2.0, 1.5 

8.0 

3.7, -5.2 

-1.5, 6.0 

5.0 

-3.0, 3.5 

5.0, -3.5 


9 

23.7 

6 

13 

180 

0 

-20 

.5 

-15 

-4. 6 

4.8 

7.6 

6.8 

3.5 

-2.0, 1.0 

-2.0, 2.0 

8.3 

4.5, -3.2 

-3.0, 6.0 

8.0 

-3.0, 5.0 

4.5, -3.2 


10 

23.0 

6 

-14 

180 

3. 5L 

-20 

.8 

-9 

-12, 7 

4.6 

7.3 

4.9 

3.5 

-6.0, 1.5 

-7.7, 1.5 

7.0 

2.0, -7.5 

-0.5, 5.5 

4.0 

-5.0, 4.5 

4.5, -4.5 


11 

23.6 

6 

-1.5 

180 

0 

-20 

.8 

-15 

-5, 9 

4.7 

6.8 

7.0 

3.5 

-4.0, 2.0 

-4.0, 2.0 

9.7 

5.0, -6.0 

-3.5, 7.0 

7.5 

-2.3, 6.0 

4.0, -3.5 


12 

23.9 

6 

11 

180 

4L 

-20 

.8 

-15 

-3, 10 

4.3 

8.1 

6.2 

3.3 

2.5, -0.5 

-3.8, 2.8 

8.2 

4.5, -8.5 

-1.5, 4.8 

7.5 

-3.5, 8.2 

4.5, -5.5 


13 

22.5 

6 

-12.5 

180 

2R 

-30 

.8 

-7 

-8, 6 

3.3 

4.5 

6.1 

3.0 

-5.0, 1.0 

-4.5, 1.0 

2.7 

2.0, -7.0 

-1.0, 5.0 

6.7 

11.3, 0 

-9.0, 1.0 


14 

22.9 

6 

0 

180 

0 

-30 

.8 

-9 

-3,7 

3.7 

5.8 

5.9 

3.0 

-2.5, 1.5 

-2.0, 1.0 

5.5 

3.2, -6.0 

-1.5, 5.0 

6.5 


3.0, -6.5 


15 

23.4 


0 

180 

IR 

-40 

.8 

-8 

1 -4.8 

, 3.1 

4.9 

6.2 

3.5 

-3.0, 1.0 

-2.5, 1.0 

3.6 

2.6, -8.0 

-1.5, 5.5 

7.0 

-0.5, 6.0 

2.0, -9.5 


Only 8000 Ibf honeycomb element used in shock-absorber legs 

1 

23.1 

6 

-12.5 

180 

2R 

-25 

0.8 

-11 

-11, 10 

0.8 

1.2 

2.2 

9.5 

1 

-6.5, 1.7 

-5.5, 1.0 

8.7 

2.0, -11.0 

-1.8, 8.5 

8.2 

11.0, 0 

-13.0, 1.0 

Turnover 

1 

23.7 

6 

1 

180 

0 

-25 

.8 

-15 

1 -5, 10 

1.2 

1.9 

2.8 

8.5 

3.0, -2.5 

2.2, -2.5 

8,0 

7.0, -8.0 

-4.0, 8.5 

9.0 

13.0, -2.2 

7.0, -8.2 

Turnover 




Outrigger truss 
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Figure 1.- Greneral arrangement of 3/8-scale model. Dimensions are given in 
meters and parenthetically in inches. All values are full scale. 







(a) Typical dynamic -force time history. 


Crushable aluminum honeycomb cartridges 



(b) Primary strut shock absorber. 

Figure 3.- Primary strut shock absorber details. All values are full scale. 


22 




(a) Mars-gravity (elastic cord lift) simulation apparatus. (b) Earth-gravity (free body) apparatus. 

Figure 4.- Sketches illustrating launch procedure for Mars-gravity and Earth-gravity tests. 







(b) Details of apparatus uear model, 
Figure 5.- Continued. 







L-70-8127.1 

(c) Details near trolley. 

Figure 5.- Concluded. 
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Figure 7.- Sketches identifying vehicle axes, acceleration directions, attitudes, and flight path. 



Vertical velocity trace \ 


Normal accelerometer' 


120 N 





Figure 8.- Typical oscillograph record of velocity and shock cord 




1.^ kN (350 Ibf) 



Force levels needed for 
Mars-g simiilation 


(350 Ibf) 


.05 sec — 


. All values are full scale. 



>% 



Time , sec 


(a) Acceleration time histories. 




Time, sec 

(b) Stroke time histories. 


Figure 9.- Comparison of time histories obtained during landings on a smooth -20° slope 
with Mars-gravity and Earth-gravity models. Vy = 7 m/sec (23.2 ft/sec) nominal; 
Vh = 2 m/sec (6 ft/sec); pitch, 0° nominal; roll, 180°; yaw, 2.5° left; jn = 0.5. 

All values are full scale. 
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O Mars— gravity model 
D Earth-gravity model 



(a) Coefficient of friction, 0.05 to 0.15. 



TouchdOT-Tn pitch attitude, deg 


(c) Coefficient of friction, 0.75 to 0.85. 

Figure 10.- Comparison of maximum impact accelerations obtained during landings on 
smooth -20° slope with Mars-gravity and Earth-gravity models. Vy = 7 m/sec 
(23 ft/sec) nominal; Vjj = 2 m/sec (6 ft/sec) nominal; roll, 180°; yaw, 0° nominal. 
All values are full scale. 
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0 - 4-8 -12 -16 -20 -24 


Maximum normal acceleration, Earth— gravity 
model. Earth— g units 

Figure 11.- Correlation of maximum normal accelerations at vehicle center of 
gravity for Mars-gravity and Earth-gravity landings. All values are full scale. 



Maximum stroke, cm 


CO 


Q Mars-gravity model 
PI ■Rarth— cravitv model 




(a) Coefficient of friction, 0.05 to 0.15. 


Leg 3 




(b) Coefficient of friction, 0.45 to 0.55. 



Touchdown pitch attitude, deg 


(c) Coefficient of friction, 0.75 to 0.85. 

Figure 12.- Comparison of maximum landing-gear stroke obtained during landings on a smooth -20° slope with 
Mars-gravity and Earth-gravity models. Vy = 7 m/sec (23 ft/sec) nominal; = 2 m/sec (6 ft/sec) 
nominal; roll, 180°; yaw, 0° nominal. All values are full scale. 


Maximum stroke, in 



NASA-Langley, 1971 31 L-7828 
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Figure 13.- Comparison of pitching motions for Mars-gravity and Earth-gravity tests. Nominal landing con- 
ditions are Vy = 7.2 m/sec (23.6 ft/sec); Vj^ = 2 m/sec (6 ft/sec); pitch, 0*^; roll, 180°; yaw, lo right; 
slope -25*5; and friction coefficient, 0.8. Shock-absorber forces, 36 kN (8000 Ibf). All values are full scale. 
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